Cointegration analysis is applied to the linear combinations of the time series of (the logarithms of) output, capital, labor, and energy for Germany, Japan, and the USA since 1960. The computed cointegration vectors represent the output elasticities of the aggregate energy-dependent Cobb-Douglas function. The output elasticities give the economic weights of the production factors capital, labor, and energy. We find that they are for labor much smaller and for energy much larger than the cost shares of these factors. In standard economic theory output elasticities equal cost shares. Our heterodox findings support results obtained with LINEX production functions.
Introduction
Standard economic theory assumes that the markets of the production factors capital, labor, and energy operate in an equilibrium state, where the cost share of each production factor is equal to its output elasticity (defined in eq. (3)), which reflects the productive power of the respective factor. In this equilibrium producers supposedly can maximize profit without any technological constraints on factor combinations.
Recently, however, Kümmel et al. [1] showed that in the presence of technological constraints on factor combinations, optimization leads to a different equilibrium state. In this state output elasticities must be equal to a modification of the usual factor cost shares, where shadow prices due to the constraints add to factor prices.
The question whether or not output elasticities and factor cost shares must be equal ('equality assumption' ) is crucial for the understanding of economic growth. According to standard theory, the role of energy as a production factor is marginal (see, e.g., [2]), because energy only accounts for five per cent of the total factor costs in industrialized countries, while labor accounts for 70-75%, and capital for 20-25%.
However, economic models based on the equality assumption have the problem of the Solow residual. The Solow residual accounts for that part of output growth that cannot be explained by the input growth rates weighted by the factor cost shares. It amounts to more a e-mail: robert.stresing@uni-oldenburg.de than 50 percent of total growth in many cases. Standard neoclassical economics attributes this difference formally to technological progress. This, however, "has lead to a criticism of the neoclassical model: it is a theory of growth that leaves the main factor in economic growth unexplained" [3] . Furthermore, these models cannot explain the economic recessions 1973-75 and 1979-81, known as the energy crises due to the first and the second oil price shock. On the other hand, if the equality assumption is dismissed, LINEX production functions, 1 describe economic growth in Germany, Japan, and the USA without Solow residual, and the energy crises of the 1970s are reproduced well [1, [4] [5] [6] [7] [8] . Their time-averaged output elasticities are for labor much smaller and for energy much larger than the factor cost shares.
In order to substantiate the understanding of economic growth as a process subject to technological constraints that originate from limits to capacity utilization and automation, it is desirable to check the output elasticities by a method that per se is independent from the concept of the aggregate production function. This method is cointegration analysis.
Simply speaking, cointegration analysis checks, whether a linear combination of a number of non-stationary time series is a stationary time series itself. If this is the 1 The simplest LINEX function for industrial systems is q = q0 e exp a 2 − l+e k + ac l e − 1 , where k, l, e, and q are capital, labor, energy, and output, normalized to their values in a base year; a, and c are technology parameters, representing essentially efficiency and energy demand of the capital stock.
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The European Physical Journal B case, the time series variables are said to be cointegrated, meaning that they are statistically significantly connected. In other words, there is no accidental correlation between the variables, as it was the case, when the number of babies in Sweden decreased like the number of storks in that country.
Conceptually, the present work is similar to Di Matteo et al. [9] , and Shao et al. [10] , in the sense that we try to identify economic relations by looking at the joint statistical properties of economic data.
We proceed in Section 2 with a short and not exhaustive literature review on cointegration analysis of output and production factors. In Section 3, we present some basic notations of growth theory necessary for the the interpretation of our results. Section 4 tests for unit roots in the time series of the logarithms of output, capital, labor, and energy for Germany, Japan, and the USA. In Section 5 we test for cointegration within a sub-space of economically meaningful cointegration vectors, which are identical to Cobb-Douglas output elasticities. Summary and discussion in Section 6 conclude the paper. Yu and Jin (1992) [11] were the first to perform bivariate cointegration tests of energy and output, followed by Masih and Masih [12] . Their results are inconclusive: while the first do not find that energy consumption and an index of industrial production in the USA cointegrate, the latter do find cointegration between energy and gross domestic product (GDP) in India, Pakistan, and Indonesia, but no cointegration in Malaysia, Singapore, or the Philippines. However, finding no bivariate cointegration does not imply that there cannot exist multivariate cointegration between output, energy, and other variables. Indeed, from the point of view of production theory, one would expect multivariate cointegration of output and all relevant production factors rather than bivariate cointegration of output and energy only.
Literature review
More recently, bivariate cointegration between energy consumption and GDP is found by Soytas and Sari [13] for the G-7 countries and leading emerging markets and by Lee and Chang [14] for Taiwan. These authors also obtain different directions of causality 2 between GDP and energy consumption and conclude that "energy conservation may harm economic growth", especially if causality runs from energy consumption to GDP. This conclusion is problematical. "Energy conservation" means innovations and efficiency improvements that observe the energy-savings potentials indicated by thermodynamics and economics and reduce the amount of primary energy required for a given quantity of energy services. In fact, because of energy conservation economic growth continued after the relatively short recessions of the first and second oil-price shocks despite of a significantly reduced overall growth of energy inputs. Of course, once the thermodynamic limits to energy conservation will have been reached, further reduction of energy input will harm economic growth, indeed. Thus, growth theory that incorporates thermodynamics and cointegration analysis should complement each other in working out the true economic role of energy. In this sense, the present paper tries to complement the studies of Kümmel et al. [1, 6] and Lindenberger [7] .
Stern [15] performs multivariate cointegration tests of output, capital, labor, and energy in the USA and concludes that "cointegration does occur and that energy input cannot be excluded from the cointegration space"; see also Cleveland et al. [16] . come to similar results for Canada. On the other hand, when restricted to a Cobb-Douglas production function without a time trend and under the condition that the output elasticities of capital and labor (but not energy) have to sum up to unity, Stern [15] does not find cointegration anymore.
The 1929 Great Crash and the 1973 Oil-Price Shock are the topics of unit-root tests for more than ten economic time series like GNP, industrial production, employment and wages by Perron [18] and Zivot and Andrews [19] . Energy, however, was not considered. While Perron concludes that most variables are stationary around a deterministic trend function with a change in the intercept in 1929 and a change in the slope after 1973, Zivot and Andrews do not treat the great crash and the oil price shock as exogeneous events. They rather treat break points as endogeneous and find less evidence against the unit-root hypothesis for many of the data series, on the one hand, and stronger evidence against it for some like industrial production and GNP, on the other hand. 3
Basic growth dynamics
Assume that economic output q is a twice differentiable function of the production factors capital k, labor l, and energy e, which in turn depend on time t: q = q(k(t), l(t), e(t)).
(1)
Output and production factors are normalized with respect to their values in a base year. The total time derivative of q, multiplied by dt/q, yields the 'growth equation':
